Characterizing heterogeneous nanostructured amorphous materials is a challenging topic, because of difficulty to solve disordered atomic arrangement in nanometer scale. We developed a new transmission electron microscopy (TEM) method to enable phase analysis and mapping of heterogeneous amorphous structures. That is to combine scanning TEM (STEM) diffraction mapping, radial distribution function (RDF) analysis, and hyperspectral analysis. This method was applied to an amorphous zirconium oxide and zirconium iron multilayer system, and showed extreme sensitivity to small atomic packing variations. This approach helps to understand local structure variations in glassy composite materials and provides new insights to correlate structure and properties of glasses.
Introduction
Analyzing the atomic structure of amorphous materials has challenged materials scientist for a long time because of their disordered atomic arrangement. Only few experimental means offer ways to characterize these disordered structures. The atomic radial distribution function (RDF) describes the probability to find certain atomic pairs as a function of the pair separation and consequently, provides short and medium range structural information. Therefore, it is one of the most important tools for structural characterization of amorphous materials. The RDF can be determined from X-ray and neutron diffraction data [1, 2] and has been widely applied to investigate amorphous materials such as organic solids [3] , liquids [4, 5] , metallic glasses [6] , phase-change memory materials [7] and nanoscaled energy storage materials [8, 9] . Jacques et al. combined RDF analysis with X-ray diffraction computed tomography (XRD-CT) [10] for spatially resolved RDF analysis of heterogeneous structures, where structural features around tens of micrometers could be resolved [11] .
The spatial resolution can be improved further by utilization electron diffraction techniques in a transmission electron microscope (TEM), where RDF measurements sampling an area of hundreds nanometer can be easily achieved by selected area electron diffraction (SAED) [12, 13] . However, SAED still averages relatively large sample areas and hides plenty of information in the averaged signal. Especially, in case of heterogeneous nanostructured materials this averaging is critical. Due to the required high resolution in the diffraction pattern, it is not straightforward to take RDFs from further reduced sampling volumes. Pioneering work for RDF analysis of nano scale volumes was done by McBride et al. [14] using convergent beam electron diffraction followed by a deconvolution procedure. Nevertheless, RDFs obtained by single or few independent point measurements without a systematic statistical analysis of the different sampling areas are far from satisfactory to understand the structure of heterogeneous amorphous materials, especially if only limited preliminary knowledge of their complex phase distribution is available, e.g. as in nanoglasses. The desire to explain their unusual structures and properties [15] [16] [17] requires improved characterization methods.
Fluctuation electron microscopy (FEM) [18] combining quasiparallel illumination with a nanosized beam in scanning transmission electron microscopy (STEM) measures statistical variations in diffraction patterns taken from different sample areas. FEM analysis reveals heterogeneities of the atomic structure and detects the medium-range atomic order in amorphous materials [19, 20] . It has been applied e.g. for the local analysis of shear bands in metallic glasses [21, 22] . However, the interpretation of the abstract diffraction variations is not straightforward and usually requires supplementary simulations, such as reverse Monte Carlo modeling [23] . A description of amorphous materials based on their direct interatomic distances, as depicted by RDF analysis of the short-and medium-range order, is more intuitive. Therefore, with this work, we introduce a new TEM method: STEM RDF mapping to characterize heterogeneous nanostructured amorphous materials and composites. Using a quasi-parallel nano electron diffraction setup [24, 25] , where diffraction patterns from nano volumes can be acquired with high angular resolution, we combine RDF analysis with STEM diffraction mapping [26] (D-STEM) with a spatial resolution of $ 1 nm. These RDF maps can be analyzed by hyperspectral statistical analysis such as multiple linear least square (MLLS) fitting to construct the phase distribution within a heterogeneous amorphous material purely based on the short-and medium-range order of the different glass phases. In addition, by analyzing the MLLS fitting and the RDFs more in details, it is possible to characterize and understand the structure of the clusters in the different phases. To illustrate the potential of this approach, we applied this new method to an amorphous zirconium oxide (ZrO 2 ) and zirconium iron (Zr 0.2 Fe 0.8 ) multilayer system, which demonstrated that the method is extremely sensitive even to small atomic packing variations. This approach has great potential to understand nanoscale structural variations in glasses, glass composites and shear bands to provide new insights to correlate structure and properties of glasses, e.g. to understand their mechanical or thermal behavior. Fig. 1 schematically illustrates the procedure for data acquisition and analysis to obtain structure distribution maps of amorphous materials. A STEM setup with quasi-parallel nano beam illumination providing a nano-sized probe with a small semi-convergence angle (typically o 1 mrad) is used for the experiments. The small convergence angle does not significantly degrade the angular resolution of the diffraction patterns as can be seen from a representative diffraction pattern in Fig. 1b . Therefore, the RDFs can be directly computed from the diffraction patterns acquired with nano beam illumination without deconvolution with the beam spread function (a function depicting the center disc of the diffraction pattern formed by the unscattered electrons) as described in [14] . An array of diffraction patterns is recorded by stepwise scanning the beam across a predefined area of interest (D-STEM). The recorded diffraction patterns have to include high scattering angles, where the high frequency structural information required for the RDF analysis is encoded. Taking advantage of the strong interaction of electrons and matter, electron diffraction provides a strong signal even at high diffraction angles with reasonable acquisition times/dose. This enables fast scanning during D-STEM acquisition. Fig. 1 (c-e) schematically describes the procedure to compute the RDF from the experimental diffraction patterns. Details with the theoretical background for RDF extraction from diffraction patterns are given in [12, 13] . In the current work, the diffraction patterns were integrated azimuthally to obtain radius profiles I(s) (Fig. 1c) , where s¼2θ/λ, θ is half of the scattering angle and λ the incident wavelength. The azimuthal integration is necessary, not only to increase the signal to noise ratio at large scattering angles, but also to reduce fluctuations of the diffraction profiles at different scanning areas caused by the finite sampling of cluster orientations for small interaction volumes. Depending on the constituent cluster size and the probe diameter, a minimum sample thickness will be needed to obtain a stable diffraction profile. Nevertheless, even with the $ 1 nm beam diameter used in this study, typical TEM sample thicknesses were sufficient for reproducible diffraction profiles.
Method description: experimental settings and data analysis procedures
The structure factors (Fig. 1d ) are calculated by subtracting and normalizing with single atomic scattering factors, as describe in 
where N is the number of atoms within the volume sampled by the electron probe, ( ) f s are the parameterized elemental scattering factors, calculated based on [27] . 
The only adjustable parameter in the RDF calculation is N, which is determined for each RDF in the map by minimizing φ ( ) s in Eq. (1) to approach zero at large scattering angles ( s). This reduces effects caused by mass (thickness Â atomic density) from the diffraction data and makes the RDF analysis robust dealing with voids and thickness variations. However, ( ) f s is only a coarse approximation for multi-element materials [28] . Together with multiple and inelastic scattering contributing to the diffraction patterns, the diffraction profiles cannot be fitted well by the averaged scattering factor both at low and high angles simultaneously, hence resulting in low-frequency artefacts, which do not correspond to the real structure of the sample [28, 29] . Following the procedure outlined in [28] , the low-frequency artefacts are eliminated by fitting and subtracting a smooth 4th-order polynomial function from the structure factor calculated from Eq. (1). This approach is robust for background subtraction to calculate the structure factor.
The diffraction patterns in the experimental image array were each individually processed as discussed above to construct the 3D RDF data cube. The RDF cube can be analyzed using hyperspectral techniques, for example by MLLS. MLLS fits the data cube with linear combinations of reference spectra, thus reduces the dimension of the cube to 2D images of the respective fitting coefficients for the corresponding reference spectra. It has been implemented in DigitalMicrograph TM (DM) as a standard plugin [30] . The reference spectra can be obtained either by measuring the pure phases or from the RDF matrix itself, for example by multivariate statistical analysis (MSA) [31] . The 2D RDF images (phase images) correspond to the atomic packing encoded in the RDFs, thus a structural phase map is obtained. The results can also be correlated with simultaneously acquired energy dispersive X-ray spectroscopy (EDX) maps or with electron energy-loss spectroscopy (EELS) maps for further comprehensive compositional investigations.
Application to amorphous ZrFe/ZrO 2 multilayers
We applied the method described above to an amorphous ZrO 2 and Zr 0.2 Fe 0.8 (ZrFe) multilayer (ZO/ZF) system. The amorphous multilayer structure has been prepared by magnetron sputtering with separate ZO and ZF targets. A cross-section of the ZO/ZF multilayer sample was prepared for TEM analysis by focused ion beam (FIB, ZEISS AURIGA) milling and further thinned by low-voltage argon ion milling (Fischione Nanomill 1040) at 700 eV beam energy for 40 min. followed by fine milling at 500 eV for 35 min. The final sample thickness is around 0.4 inelastic mean free path (MFP) determined by low-loss EELS analysis, corresponding to $ 50 nm sample thickness based on the average MFP calculated using Mitchell's DM plugin "mean free path estimator" [32] .
The initial characterization of the multilayer structure was performed using an aberration (image) corrected FEI Titan 80-300 operated at 300 kV in STEM mode with spot size 5 and a 70 mm condenser (C2) aperture resulting in a nominal beam diameter smaller than 1 nm. The system is equipped with an EDAX s-UTW detector for EDX analysis and a Gatan Tridium 863 image filter for EELS/EFTEM analysis. For the EELS acquisition, a camera length of 77 mm and a 2.0 mm entrance aperture energy filter were selected with a convergence semi-angle of 14 mrad and collection semiangle of 10 mrad. The HAADF-STEM image (Fig. 2a) fits to the expected multilayer structure of ZrO 2 (dark) and ZrFe (bright). The STEM-EELS and EDX elemental maps (figure S 1) confirm the composition variation of the multilayer structure with an average stoichiometry of about Zr:Fe:O¼1:1:2 measured by combining EELS and EDX analysis. The stoichiometry at the center of the ZrFe layer is Zr:Fe¼ 1:4 and at the center of the ZrO 2 layer it is Zr:O¼1:2. The D-STEM experiments were performed using a Tecnai F20 ST (Philips) operated at 200 kV in mp-STEM mode and equipped with a NanoMegas ASTAR system, which was initially designed for automated crystal orientation mapping (ACOM) [33] , e.g. for orientation analysis of nanocrystalline materials [34] . For the data acquisition, spot size 8, gun lens 6, extraction voltage of 4.5 kV and a 30 mm C2 aperture were adopted. These settings results in a quasi-parallel beam with a convergent semi-angle of 0.8 mrad and a probe size of approximately 1 nm. The scanning function was controlled by the ASTAR system. Diffraction patterns were recorded by an external camera with a frame size of 580 Â 580 pixels. We set the readout frequency of the camera to 50 fps (frames per second, 0.02 s per pattern), and applied a small camera length of 100 mm for the diffraction pattern acquisition. The maximum recording angle in the current experimental setup is 50.2 mrad corresponding to s max ¼2.0 Å À 1 in reciprocal space.
The acquired diffraction patterns were exported as 16 bit gray scale TIFF files. These TIFF files were imported into Matlab for RDF calculation. The mean scattering factor was calculated from the parameterized elemental scattering factors [27] using the average composition of the multilayers determined experimentally. To investigate the effect of compositional variations on the fitting, RDFs were calculated with different stoichiometries varying from an average atomic number of 18.7 corresponding to pure ZrO 2 to 28.8 corresponding to pure ZrFe (Fig. S2 ). Both peak positions and shape were negligibly influenced, confirming that we do not add a systematic bias in the RDF mapping by using the average of the single atomic scattering factors. Therefore a mean stoichiometry of Zr:Fe:O ¼1:1:2 was used for calculating all RDFs. The RDF cube was calculated following the description in Section 2. Fig. 2b shows a virtual HAADF image which was calculated from the D-STEM data by applying a virtual dark field aperture selecting high angle signals. It fits well to the STEM-HAADF image shown in Fig. 1a . MLLS fitting was applied for the RDF cube. The reference RDFs for the amorphous ZrFe and ZrO 2 phases (Fig. 3a) were obtained by averaging the RDFs from the areas indicated in blue and green in Fig. 2b . By fitting the two reference RDFs to the RDF cube, the ZrFe and ZrO 2 phase distribution could be easily identified as shown in Fig. 2c and d . The superposition of the two images provides the phase map (Fig. 2e) , where the phase determination is based only on the atomic structure, i.e. the short-and mediumrange order of the clusters making up the two glass layers.
The fitting errors, generated during the MLLS processing, described by the cost function χ 2 for fitting a linear combination of the reference RDFs to the experimental RDF cube, can be displayed as an error map (Fig. 2f) . Surprisingly, thin line features with a width of around 3.5 nm are visible in the error map (Fig. 2f) at the transition between ZrO 2 and ZrFe, which means significant errors in the phase identification there. This is in contrast to the elemental maps determined by STEM-EELS and -EDX analysis (Fig. S1 ), which do not indicate an additional phase present in this interface region. By subtracting the fitting functions (the linear combinations of the ZrFe RDF and ZrO 2 RDF references) from the RDF cube, a residue functions can be obtained. Fig. 2g shows the residuals determined for the three regions indicated in Fig. 2b . The red residual curve is integrated from the interfacial area between the ZrFe and ZrO 2 , corresponding to the location with the bright features in the error map (Fig. 2f) . It exhibits non-negligible errors significantly larger than the other two residuals within the layers. This means that the RDF in the interfacial area cannot be explained by a simple superposition of the two references for ZrFe and ZrO 2 . Consequently, this means that the observed features between the ZrFe and ZrO 2 layers in the error map correspond to an interfacial layer with an atomic structure different from both the amorphous ZrFe and the ZrO 2 layer. This is crucial information not visible in the simple STEM-EELS/EDX measurements.
The RDF of the interfacial layer (interface RDF) was extracted from the area indicated in red in Fig. 2b , where the significant fitting errors in the error map (Fig. 2f) have been observed. The interface RDF is shown in red in Fig. 3a . It exhibits very similar features as the ZrO 2 RDF (Fig. 3a, blue curve) , but a small shift of the first and second pronounced peaks is observed, which can be attributed to slightly reduced atomic distances. The observed shift is 0.04 Å for the first peak (highlighted in the enlarged part of the RDF in Fig. 3b ) and 0.06 Å for the second peak. The precision for RDF analysis has been reported to be 0.02 Å in various experiments [12, 28] . The precision should be even better in the current case, as the RDF cube is obtained by D-STEM with all experimental settings of the data acquisition at each pixel identical. Therefore, the observed peak shifts for the interface RDF are reliable.
Another MLLS fitting was performed with the interface RDF included in addition to the ZrFe and ZrO 2 RDF. Fig. 2h-j shows the images of the new fitting coefficients corresponding to the interface, the ZrFe and the ZrO 2 RDF. The corresponding new phase map (Fig. 2k) was obtained by superposition of the three coefficient images. The interface layer between ZrFe and ZrO 2 layers can be clearly seen. Moreover, the new error map (Fig. 2l) shows vanishing features compared to the error map (Fig. 2f) based on only fitting the ZrFe and ZrO 2 RDF. Furthermore, all three RDF residuals were successfully reduced to a similar low level. This further proves the reliability for identifying the interfacial layer and its RDF.
In order to understand the atomic structure of the interfacial layers, partial RDFs for ZrO 2 (Fig. 3a) based on the monoclinic crystalline baddeleyite structure [35] were calculated as described in [36] . Kinematic element specific partial diffraction profiles were calculated based on a baddeleyite supercell with 168 atoms. The diffraction intensities were damped at high angles applied to mimic the amorphous behavior. Partial RDFs were calculated from the simulated diffraction data analogous to the experimental RDFs. In  Fig. 3a , the black curve corresponds to the Zr-O pair distribution and the pink to Zr-Zr pair distribution. The O atoms only have a small contribution to the diffraction intensity compared to the Fe and Zr atoms because of the scattering cross-section decreasing with a power of 2 with decreasing atomic number, therefore partial RDFs for O-O pairs are not shown here. Comparing the simulated partial RDFs to the experimental ZrO 2 RDF, one can conclude that the first pronounced peak in the experimental ZrO 2 RDF corresponds to the average Zr-O bonding distance. The second pronounced peak can mainly be attributed to Zr-Zr pairs. The good agreement between the experimental and the calculated RDFs confirms that the short-range order of the clusters constituting the ZrO 2 glass is similar to baddeleyite. The small peak shift of the interface RDF can be explained by Fe atoms replacing the Zr atoms in the ZrO 2 clusters. As Fe has a smaller atomic radius compared to Zr, replacing Zr by Fe in the interface layer reduces the average bonding distance between O and Zr/Fe (the first pronounced peak) as well as between Zr/Fe to Zr/Fe (the second pronounced peak) and hence generates the unique interfacial layer between the amorphous ZrFe and ZrO 2 . It is worthwhile to note that the local atomic packing in this ZrFeO interfacial layer is the same as the atomic packing in the ZrO 2 layer. The presence of Fe in the interface layer is also confirmed by EELS Fe-L edge analysis, which results in an approximate average amount of Fe atoms in the interface area of 20% compared to the middle of the ZrFe layers. EDX analysis indicates an average composition of Zr:FeE7:3 in the interfacial region. While this analysis does not provide a conclusive mechanistic explanation how Fe has replaced Zr, the RDF mapping clearly confirms, even in the presence of interface roughness, the formation of a defined interfacial phase and enabled its direct structural analysis, whereas EELS/EDX analysis by itself could not be interpreted unambiguously.
The results of RDF imaging of the ZF/ZO amorphous multilayers show that the new method is highly sensitive to short-range order, i.e. atomic packing. The detection of the thin interface layer is a great example of the sensitivity of the RDF analysis using the information encoded in the total diffraction signal. More crucially, this sensitivity is further enhanced by the systematic analysis of the RDF cube using MLLS fitting, which cannot be realized by traditional individual independent RDF measurements. Moreover, instead of manually selecting RDF references for MLLS fitting, a more sophisticated hyperspectral analysis could include the application of matrix decomposition algorism, such as MSA, in the future for automated feature recognition and component extraction in complex systems.
In principle, the RDFs include information on medium range order (higher order (43th) coordination) as peaks at high radius. However, depending on the cluster size, these peaks in the RDF will diminish with increasing radius as the distance approaches the correlation length in the cluster as demonstrated in [10] . Furthermore, because of the limited probe size ($ 1 nm) of the electron beam, which is necessarily small for providing sufficient resolution e.g. to detect the thin interfacial layer, it is not possible to capture the atomic correlations (structural coherence) larger than the probe size. Consequently peaks corresponding to distances larger than around 6 Å, which is the lower boundary for medium range order, are strongly damped in our RDFs. Nevertheless, the information on medium range order can be easily recorded by increasing the probe size, but at the cost of spatial resolution in the corresponding structure maps.
The RDF map taken from the D-STEM experiment realizes 2D phase imaging of heterogeneous amorphous materials solely based on structural differences. The contrast mechanism effectively suppresses disturbances caused by fluctuation of sample thickness and avoids uncertainties distinguishing low-density areas and voids, as present in traditional BF-TEM or STEM-HAADF imaging of amorphous materials. Such an advantage is essential to study e.g. nanoglasses [16] or shear-bands in metallic glasses [21, 22] . The method may even be applied to organic solids, such as pharmaceutics, polymers, and organic solar cell as well as to liquids with advanced in-situ TEM setups. It might initiate a way to discover the concealed secretes in nanoscale reactions between amorphous phases.
Conclusion
With this work, we introduce a new method for analyzing complex nanostructured glasses: RDF mapping. It utilizes diffraction imaging in scanning transmission electron microscopy (D-STEM) with quasi-parallel nano beam configuration. A 3D RDF cube can be obtained by applying RDF analysis to the hundred thousands of experimental diffraction patterns. 2D phase maps corresponding to the short-and medium-range structural information are obtained. An automated comparison of the RDFs in the RDF cube using hyperspectral analysis approaches, such as MLLS fitting, provides an efficient approach to comprehensively analyze the atomic structure of heterogeneous amorphous materials.
We applied the newly development method to an amorphous Zr 0.2 Fe 0.8 /ZrO 2 multilayer system. The analysis shows that not only both the ZrO 2 and the ZrFe phases can be unambiguously distinguished based on the arrangement of their atomic packing, but also an interfacial layer between the ZrO 2 and ZrFe layer was identified, which was also represented in STEM-EELS and EDX maps, but could not be unambiguously identified only based on the elemental composition. The atomic structure of the interfacial layers was discovered by comparing the information embedded in the experimental RDF profile with a simple RDF simulation in combination with the chemical information from STEM-EELS/EDX analysis.
We demonstrated the power of this method not only to detect atomic packing variations in nanoscale heterogeneous amorphous materials, but also to interpret the results using the concrete information depicted in the RDF. It opens a route to provide more answers to a plethora of mysteries of amorphous matter.
